Introduction {#Sec1}
============

Biliary tract cancer (BTC) is as one of the most aggressive types of malignant tumours and is associated with a poor prognosis. In Japan, approximately 18,000 cases of BTC were diagnosed from 2008 to 2013^[@CR1]^. In the United States of America in 2017, approximately 12,000 new cases of BTC were diagnosed, and over 3,800 BTC-related deaths occurred^[@CR2]^. Indeed, in recent years, the incidence of BTC has increased worldwide. Although ultrasonography, computed tomography, and magnetic resonance imaging are usually used for the diagnosis of BTC, these imaging modalities are inadequate for the early diagnosis of BTC due to its growth along the bile duct. In addition, patients with BTC are typically asymptomatic at early stages of the disease, and BTC is often diagnosed at an advanced stage, resulting in a poor prognosis; the 5-year survival rate in these patients is less than 5%^[@CR3]^. The most promising treatment for BTC is limited to surgical resection, and early diagnosis of BTC at a resectable stage is crucial for improving survival rates in patients with BTC. However, even if radical resection has been performed at a resectable stage, the risks of recurrence and metastasis are still serious^[@CR4],[@CR5]^.

Carbohydrate antigen (CA) 19-9, a widely known tumour-associated antigen, is useful not only as a diagnostic marker but also as an indicator of prognosis and for monitoring of therapeutic effects in malignant diseases in the pancreato-biliary region. Indeed, elevation of pre-operative CA19-9 (blood CA19-9 levels \>37 U/mL) are correlated with the recurrence of intrahepatic cholangiocarcinoma^[@CR6]^. Moreover, in patients with resectable pancreatic adenocarcinoma, decreased CA19-9 after surgical resection (blood CA19-9 levels ≤200 U/mL) is an independent predictor of patient survival^[@CR7]^. However, CA19-9 levels show low sensitivity and low specificity because increased in CA19-9 are even observed with nonmalignant diseases that cause obstructive jaundice and inflammatory conditions^[@CR8]--[@CR11]^. Carcinoembryonic antigen (CEA) is a similar prognostic factor; however, its accuracy is also inadequate^[@CR8],[@CR9],[@CR12]^. Therefore, to improve treatment outcomes, novel biomarkers with high accuracy for the prediction of postoperative recurrence and prognosis in patients with BTC are urgently required.

MicroRNAs (miRNAs) are a class of endogenous noncoding, single-stranded small regulatory RNA molecules involved in post-transcriptional regulation of genes by targeting mRNA^[@CR13]--[@CR15]^. MiRNAs have various roles in intracellular biological process, e.g., metabolism, survival, differentiation, and apoptosis^[@CR16],[@CR17]^. Furthermore, many miRNAs have been reported as potential biomarkers of various types of cancers^[@CR18]--[@CR31]^. In association with BTC, circulating miRNAs in blood, including *miR-21*^[@CR32]^, *miR-26a*^[@CR33]^, *miR-106a*^[@CR34]^, *miR-192*^[@CR35]^, and combinations of several miRNAs^[@CR36]^, have been reported as diagnostic or prognostic biomarkers. Moreover, these miRNAs have been shown to contribute to the proliferation, migration, invasion, and chemoresistance of tumours. Additionally, using miRNA expression profiles of BTC tissue samples extracted from The Cancer Genome Atlas (TCGA) database, Wang *et al*. also showed that six miRNAs (*miR-483-5p*, *miR-675*, *miR-139-3p*, *miR-598*, *miR-625*, and *miR-187*) could serve as predictive markers for the prognosis of patients with BTC^[@CR37]^. These reports have typically focused on whether specific miRNAs could be useful diagnostic and prognostic markers of all stages of BTC.

In the present study, we investigated the usefulness of circulating miRNA signatures as predictive markers for postoperative recurrence and prognosis in patients with BTC after radical surgery. Our results provided important insights into the use of miRNAs for patient stratification, management, and improvement of prognostic outcomes of treatment in patients with BTC at a resectable stage.

Results {#Sec2}
=======

Clinical characteristics of patients with BTC after radical surgery with and without recurrence {#Sec3}
-----------------------------------------------------------------------------------------------

In total, 66 serum samples were obtained from 22 patients with BTC who underwent curative surgery, including 17 men and five women (average age: 65.4 years \[range: 31--81 years\]). The median observation period was 1454 days. Of the 22 patients, 13 had recurrence (recurrence group), and nine had no recurrence (nonrecurrence group) during the observation period. The clinical characteristics of patients in the recurrence and nonrecurrence groups are compared in Table [1](#Tab1){ref-type="table"}. There were no significant differences in sex, age, and disease type between the two groups. In pathological TNM staging at diagnosis, there were four patients with stage I cancer and nine patients with stage II cancer in the recurrence group, whereas there were five patients with stage I cancer, three patients with stage II cancer, and one patient with stage III cancer in the nonrecurrence group. The ratio of patients with stage II or higher cancer was relatively higher in the recurrence group than in the nonrecurrence group, although this difference was not significant (*P* = 0.384). Additionally, there were no significant differences in pre-operative CA19-9 or CEA values or in pathological differentiation degree and lymph metastasis between the two groups.Table 1Clinical characteristics of patients with BTC in the recurrence and nonrecurrence groups.Recurrence groupNonrecurrence group*P* valueNo. of patients139Sex (men/women)10/37/21.000Age, years, mean ± SD67.0 ± 12.863.1 ± 9.40.448Disease type0.648  Bile duct cancer8 (61.5%)7 (77.8%)  Gallbladder cancer3 (23.0%)2 (22.2%)  Ampulla of vater cancer2 (15.4%)0 (0%)Pathological TNM staging(I/II/III/IV)4/9/0/05/3/1/00.384CA19-9 (U/mL)30.2 ± 32.428.6 ± 27.50.324  ≤378 (61.5%)6 (66.6%)  \>375 (38.5%)3 (33.3%)CEA (ng/mL)30.2 ± 32.428.6 ± 27.50.117  ≤58 (61.5%)6 (66.6%)  \>55 (38.5%)3 (33.3%)Pathological differentiation0.958  Well-differentiated4 (30.8%)3 (33.3%)  Moderately differentiated7 (53.8%)5 (55.6%)  Poorly differentiated2 (15.4%)1 (11.1%)Lymph metastasis (yes/no)7/63/60.415Abbreviations: BTC, bile tract cancer; SD, standard deviation; CA19-9, carbohydrate antigen 19-9; CEA, carcinoembryonic antigen.

Extraction of candidate serum miRNAs associated with the prediction of recurrence and prognosis in patients with BTC after radical surgery {#Sec4}
------------------------------------------------------------------------------------------------------------------------------------------

Next, we analysed the serum miRNA expression profiles in the blood of patients with BTC and compared the results between the recurrence and nonrecurrence groups. From this analysis, we identified several candidate serum miRNAs associated with the prediction of recurrence and prognosis in patients with BTC after radical surgery. The algorithm is shown in Fig. [1](#Fig1){ref-type="fig"}. In total, 2565 miRNAs were analysed by microarray analysis, and the results were normalised using 47 miRNAs with stable expression levels (internal control miRNAs; Supplementary Table [S1](#MOESM1){ref-type="media"}). Among these miRNAs, we extracted 1178 miRNAs whose expression was detected (expression value \>0) for most pre-operative samples. In addition, among the 1178 miRNAs, we selected 689 miRNAs that had significantly different expression between pre-operative and postoperative sample by paired *t* tests. For 93 miRNAs, expression at the pre-operative time point was significantly higher than that at the postoperative time point. In contrast, 596 miRNAs were significantly lower at the pre-operative time point compared with that at the postoperative time point. Among these 93 and 596 miRNAs, we extracted seven and 22 miRNAs (Supplementary Table [S2](#MOESM1){ref-type="media"}), respectively, that showed significant differences in RFS between the high and low groups divided by the median values using Kaplan-Meier analysis. Finally, evaluating changes in miRNA expression over time at the three time points (pre-operative, postoperative, and recurrence/last observation), we identified six candidate miRNAs as factors related to the prediction of recurrence and prognosis in patients with BTC after radical surgery. Four miRNAs (*miR-1225-3p*, *miR-1234-3p*, *miR-1260b*, and *miR-1470*) were upregulated, and two miRNAs (*miR-6834-3p* and *miR-6875-5p*) were downregulated.Figure 1The algorithm to identify multiple candidate miRNAs related to prediction of recurrence and prognosis using pre-operative samples.

Comparison of six candidate miRNAs at the pre-operative time point between the recurrence and nonrecurrence groups in patients with BTC after radical surgery {#Sec5}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

We then compared the expression of six candidate miRNAs at the pre-operative time point between the recurrence and nonrecurrence groups in patients with BTC after radical surgery. Differences in the expression levels of the six candidate miRNAs at the pre-operative time point between the two groups are shown in Fig. [2](#Fig2){ref-type="fig"}. The four upregulated miRNAs were overexpressed in the recurrence group compared with those in the nonrecurrence group (Fig. [2A](#Fig2){ref-type="fig"}). The higher expression levels of these four miRNAs at the pre-operative time point may have increased the risk of recurrence. In contrast, the two downregulated miRNAs showed reduced expression in the recurrence group compared with that in the nonrecurrence group (Fig. [2B](#Fig2){ref-type="fig"}). Thus, the lower expression levels of these two miRNAs at the pre-operative time point may be related to recurrence.Figure 2Comparison of the expression of six candidate miRNAs at the pre-operative time point between the recurrence and nonrecurrence groups in patients with BTC after radical surgery. Four miRNAs were upregulated (**A**), and two miRNAs were downregulated (**B**). Two-sided Student's *t* tests were used to analyse the differences. \**P* \< 0.05.

In addition, we evaluated the expression of six candidate miRNAs at the pre-operative time point between the recurrence and nonrecurrence groups in patients with bile duct cancer, gallbladder cancer, and ampulla vater cancer, respectively (Supplementary Fig. [S1](#MOESM1){ref-type="media"}). Similar to whole patients with BTC, in patients with bile duct cancer, the four upregulated miRNAs expression levels were higher in the recurrence group (n = 8) than in the nonrecurrence group (n = 7), whereas the two downregulated miRNAs expression levels were lower in the recurrence group (n = 8) than in the nonrecurrence group (n = 7). Also, in comparison between recurrence groups with bile duct cancer (n = 8) and gallbladder cancer (n = 3), of the four upregulated miRNAs, *miR-1260b* were higher expressed in the recurrence group with bile duct cancer than with gallbladder. The other three upregulated miRNAs expression levels were almost equal. In addition, the two downregulated miRNAs were lower expressed in the recurrence group with bile duct cancer than with gallbladder cancer.

Comparison of changes in the expression levels of six candidate miRNAs at three time points between the recurrence and nonrecurrence groups in patients with BTC after radical surgery {#Sec6}
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Next, we compared changes in the expression levels of the six candidate miRNAs at the three time points between the recurrence and nonrecurrence groups (Fig. [3](#Fig3){ref-type="fig"}). In the recurrence group, the expression levels of the upregulated miRNAs (*miR-1225-3p*, *miR-1234-3p*, *miR-1260b*, and *miR-1470*) were decreased at the post-operative time point compared with that in the pre-operative time point in most patients, and elevated expression was then observed at the recurrence time point. In contrast, in the nonrecurrence group, after an initial decrease postoperatively, the expression levels of these miRNAs at the last observation time point were stable or decreased compared with those at the post-operative time point in about half of the patients. In the remaining half of the patients, the expression levels of these miRNAs at the last observation time point increased again; however, the rate of re-elevated miRNA expression was lower than that in the recurrence group (Fig. [3A](#Fig3){ref-type="fig"}). Moreover, in the recurrence group, the expression levels of the downregulated miRNAs (*miR-6834-3p* and *miR-6875-5p*) were increased in the post-operative time point compared with those in the pre-operative time point in most patients; the expression levels of these miRNAs then decreased again at the recurrence time point. In contrast, in the nonrecurrence group, after increasing postoperatively, the expression levels of these miRNAs decreased again at the last observation time point in most patients; however, the rate of secondary reduction of miRNA expression was lower than that in patients in the recurrence group (Fig. [3B](#Fig3){ref-type="fig"}).Figure 3Changes in the expression of six candidate miRNAs at three time points in the recurrence and nonrecurrence groups of patients with BTC after radical surgery. Four miRNAs were upregulated (**A**), and two miRNAs were downregulated (**B**). The grey line indicates the transition in the miRNA expression value of each patient. Red and blue lines show the transitions of median expression values of miRNAs in patients with BTC in the recurrence and nonrecurrence groups, respectively. ^a^pre, pre-operative time point. ^b^post, postoperative time point. ^c^rec, recurrence time point. ^d^last, last observation time point.

In addition, we evaluated changes in the expression levels of the six candidate miRNAs at the three time points between the recurrence and nonrecurrence groups in patients with bile duct cancer, gallbladder cancer, and ampulla vater cancer, respectively (Supplementary Figs [S2](#MOESM1){ref-type="media"}--[4](#MOESM1){ref-type="media"}). In patients with bile duct cancer (n = 15), the changes of all 6 candidate miRNA expression were almost similar to that of whole patients with BTC.

A discriminant formula for pre-operative expression levels of the six candidate miRNAs and the combination of these miRNAs as predictors of recurrence {#Sec7}
------------------------------------------------------------------------------------------------------------------------------------------------------

Next, we evaluated the sensitivity, specificity, and accuracy of pre-operative levels of the six candidate miRNAs as predictive markers of recurrence using Fisher's linear discriminant analysis. We calculated the cut-off value for each candidate miRNA and examined whether the expression values of these miRNAs could be predictor for the recurrence of BTC. The discrimination performances of the six candidate miRNAs are presented in Table [2](#Tab2){ref-type="table"}. Notably, for all six candidate miRNAs, we obtained an accuracy of over 70%. In particular, both *miR-1225-3p* and *miR-6875-5p* showed the highest accuracy of 81.8%.Table 2Discriminant analysis of the six candidate miRNAs as predictive markers of recurrence in patients with BTC.DiscriminantAccuracy (%)Sensitivity (%)Specificity (%)AUC***miR-1225-3p*81**.**876**.**988**.**90**.**744***miR-1234-3p*72.769.277.80.641*miR-1260b*72.753.8100.00.803*miR-1470*72.769.277.80.675*miR-6834-3p*77.276.977.80.821***miR-6875-5p*81**.**876**.**988**.**90**.**778**Abbreviations: BTC, bile tract cancer; AUC, area under the curve.

We then aimed to achieve higher discriminant performance by combining the six candidate miRNAs. All combinations of the six candidate miRNAs (one or more) were evaluated using Fisher's linear discriminant analysis. Up to a combination of three candidate miRNAs, the accuracy became higher as the number of miRNAs increased. However, with combinations of four or more miRNAs, the accuracy did not increase further. The combinations of candidate miRNAs showing the best accuracy are listed in Table [3](#Tab3){ref-type="table"}. Two combinations of three miRNAs (*miR-1225-3p*/*miR-1260b*/*miR-6875-5p* and *miR-1260b*/*miR-6834-3p*/*miR-6875-5p*) had the highest accuracy (90.9%), sensitivity (84.6%), and specificity (100.0%). Additionally, the accuracies of pre-operative CEA and CA19-9 values were both 68.2%, which was lower than those of the six candidate miRNAs and their combinations (Table [3](#Tab3){ref-type="table"}).Table 3Discriminant analysis of combinations of candidate miRNAs showing the highest accuracy for each number of miRNAs used (1--3) as predictive markers of recurrence in patients with BTC.DiscriminantAccuracy (%)Sensitivity (%)Specificity (%)AUC*miR-1225-3p*81.876.988.90.744*miR-6875-5p*81.876.988.90.778*miR-1470*, *miR-6834-3p*86.492.377.80.829***miR-1225-3p***, ***miR-1260b***, ***miR-6875-5p*90**.**984**.**6100**.**00**.**897*miR-1260b***, ***miR-6834-3p***, ***miR-6875-5p*90**.**984**.**6100**.**00**.**880**CEA value at diagnosis68.276.955.60.668CA19-9 value at diagnosis68.276.955.60.632Abbreviations: BTC, bile tract cancer; AUC, area under the curve; CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen 19-9.

Evaluation of a recurrence predictive index created from the combination of candidate miRNAs {#Sec8}
--------------------------------------------------------------------------------------------

We then created two recurrence predictive indices from combinations of three candidate miRNAs with the highest accuracies. We defined the recurrence predictive index created from *miR-1225-3p*, *miR-1260b*, and *miR-6875-5p* as index 1, which was calculated using the following formula: (0.238 × *miR-1225-3p*) + (0.320 × *miR-1260b*) -- (0.473 × *miR-6875-5p*) + 1.09. Additionally, we defined the recurrence predictive index created from *miR-1260b*, *miR-6834-3p*, and *miR-6875-5p* as index 2, which was calculated using the following formula: (0.321 × *miR-1260b*) -- (0.216 × *miR-6834-3p*) -- (0.421 × *miR-6875-5p*) + 3.14. A comparison these index scores between the recurrence and nonrecurrence groups is presented in Fig. [4A](#Fig4){ref-type="fig"}. The cut-off value in the index 1 was 0.671. In the nonrecurrence group, the index 1 score was lower than the cut-off value in all patients. In contrast, in the recurrence group, the index 1 score was higher than the cut-off value in most patients. Therefore, we demonstrated that patients with BTC with higher index 1 scores (≥cut-off value) at the pre-operative period had a greater risk of developing recurrence, whereas in patients with BTC with lower index 1 scores (\<cut-off value) at the pre-operative time point, the risk of recurrence was lower. We obtained similar results for index 2, for which of the cut-off value was 0.646. In addition, for two patients in the recurrence group with lower index 1 and 2 scores than the cut-off value, recurrence developed within a relatively short period after radical surgery (57 and 154 days, respectively). Thus, these findings suggested that these indices could be useful as predictive markers of long-term recurrence (e.g., more than half a year).Figure 4Evaluation of our novel indices using a combination of candidate miRNAs as a recurrence prediction marker in patients with BTC after radical surgery. (**A**) Comparison of recurrence predictive index scores between the recurrence and nonrecurrence groups. (**B**) Receiver operator characteristic (ROC) curve analysis of recurrence predictive indices in comparison with CEA and CA19-9 values. Area under the curve (AUC) values are shown on the graphs. (**C**) Association of recurrence predictive indices with recurrence-free survival (RFS). Kaplan-Meier graphs representing the probabilities of RFS in the enrolled patients according to recurrence predictive index scores. Log-rank tests were used to analyse the significance of the differences. \*\**P* \< 0.001.

We then compared the usefulness of CEA and CA19-9 as predictive markers of recurrence predictive using receiver operating characteristic (ROC) curves (Fig. [4B](#Fig4){ref-type="fig"}). We found that indices 1 and 2 were more effective as predictive markers because the area under the curve (AUC) values of these indices were much higher than those of CEA and CA19-9. In addition, even for the ROC curves of the six candidate miRNAs, the AUCs were higher for most candidate miRNAs compared with those of CEA and CA 19-9 (Supplementary Fig. [S5](#MOESM1){ref-type="media"}).

Association of recurrence predictive index scores with RFS in patients with BTC after radical surgery {#Sec9}
-----------------------------------------------------------------------------------------------------

In the two recurrence predictive indices of candidate miRNAs, we divided the enrolled patients into two groups using the cut-off values and analysed RFS using Kaplan-Meier analysis (Fig. [4C](#Fig4){ref-type="fig"}). For both indices, recurrence was significantly more likely in the high index score group (≥cut-off value) than in the low index score group (\<cut-off value; *P* \< 0.001). In addition, we analysed the RFS for the six candidate miRNAs using Kaplan-Meier analysis (Supplementary Fig. [S6](#MOESM1){ref-type="media"}). The results showed that for the four upregulated miRNAs (*miR-1225-3p*, *miR-1234-3p*, *miR-1260b*, and *miR-1470*), relapse was more likely in the high score group than in the low score group. Conversely, for the two downregulated miRNAs (*miR-6834-3p* and *miR-6875-5p*), relapse was more likely in the low score group than in the high score group. For the association of pre-operative CEA (cut-off, 1.9 U/mL) and CA19-9 values (cut-off, 30.4 U/mL) with RFS, there were no statistically significant differences between the high and low value groups, although there was a tendency to relapse more easily in the high value group (Supplementary Fig. [S9](#MOESM1){ref-type="media"}).

Association of the recurrence predictive index score with OS in patients with BTC after radical surgery {#Sec10}
-------------------------------------------------------------------------------------------------------

Similar to RFS, we analysed OS using Kaplan-Meier analysis. For both indices, patients in the low index score group (≥ cut-off value) had significantly better prognosis than those in the high index score group (\< cut-off value; *P* \< 0.001; Supplementary Fig. [S7](#MOESM1){ref-type="media"}). For the four upregulated miRNAs (*miR-1225-3p*, *miR-1234-3p*, *miR-1260b*, and *miR-1470*), patients in the low score group tended to have better prognosis than those in the high score group. Conversely, for the two downregulated miRNAs (*miR-6834-3p* and *miR-6875-5p*), patients in the high score group tended to have better prognosis than those in the low score group (Supplementary Fig. [S8](#MOESM1){ref-type="media"}). However, for all six of the candidate miRNAs, no significant differences were observed between the high and low score groups. Analysis of the association of pre-operative CEA (cut-off, 1.9 U/mL) and CA19-9 values (cut-off, 30.4 U/mL) with OS showed that there were no statistically significant differences between the high and low value groups, although there was a tendency for a worse prognosis in the high value group (Supplementary Fig. [S9](#MOESM1){ref-type="media"}).

Clinical factors related to RFS in patients with BTC after radical surgery {#Sec11}
--------------------------------------------------------------------------

Univariate and multivariate analyses using the Cox proportional hazards model were performed to evaluate clinical factors related to RFS (Table [4](#Tab4){ref-type="table"}). In univariate analysis, recurrence predictive indices 1 and 2 were significantly associated with RFS. Furthermore, in multivariate analyses of factors with hazard ratios (HRs) of 2 or more in univariate analysis, we demonstrated that index 1, index 2, and lymph metastasis were independent significant factors related to RFS (*P* = 0.002, *P* = 0.002, *P* = 0.006, respectively).Table 4Univariate and multivariate analyses of clinical factors related to recurrence-free survival in patients with BTC after surgery.UnivariateMultivariateHR95% CI*P* valueHR95% CI*P* valueRecurrence predictive index 1^a^**9**.**7112**.**085--45**.**240**.**003\*15**.**762**.**584--95**.**150**.**002\***Recurrence predictive index 2^b^**9**.**7112**.**085--45**.**240**.**003\*15**.**762**.**584--95**.**150**.**002\***Age at diagnosis1.0220.970--1.0760.412Sex (men/women)1.1790.321--4.3360.804Disease type of BTC1.4680.704--3.0590.306Pathological stage at diagnosis1.5120.631--3.6240.354Pathological differentiation1.5420.614--3.8750.357Lymph metastasis (yes/no)2.6480.869--8.0690.087**8**.**8841**.**844--42**.**800**.**006\***Pre-operative CA19--9 value2.4440.734--8.1430.1462.6560.596--11.830.200Pre-operative CEA value2.6820.736--9.7780.1352.3580.552--10.060.246^a^Index extracted by the combination of *miR-1225--3p*, *miR-1260b*, and *miR-6875--5p*.^b^Index extracted by the combination of *miR-1260b*, *miR-6834--5p*, and *miR-6875--5p*.\*Significant relationship between clinical parameters and overall survival.Abbreviations: BTC, bile tract cancer; HR, hazard ratio; 95% CI, 95% confidence interval; CA19--9, carbohydrate antigen 19--9; CEA, carcinoembryonic antigen.

Clinical factors related to OS in patients with BTC after radical surgery {#Sec12}
-------------------------------------------------------------------------

Similar to RFS, we then evaluated the clinical factors related to OS (Supplementary Table [S3](#MOESM1){ref-type="media"}). In univariate analysis, we showed that index 1, index 2, and lymph metastasis were significantly associated with OS. Moreover, multivariate analyses showed that index 1 and index 2 were independent significant factors related to OS (*P* = 0.022, *P* = 0.022, respectively).

Discussion {#Sec13}
==========

Detection of early-stage BTC is extremely difficult^[@CR38]--[@CR42]^, and even when radical surgery is carried out at early stages of the disease, recurrence or metastasis is still frequently observed^[@CR4],[@CR5],[@CR43]^. Furthermore, in cases with recurrence or metastasis of BTC, there are no effective standard therapies after the second treatment, and the prognosis is quite poor^[@CR3],[@CR39],[@CR40]^. Accordingly, prediction of recurrence of BTC using pre-operative examinations may help prevent recurrence and metastasis through the development of novel management strategies, including pre- and postoperative adjuvant chemotherapies. Therefore, the identification of novel, effective biomarkers to adequately predict recurrence and prognosis is urgently required to improve life prognosis, while maintaining good quality of life in patients with BTC after radical surgery.

CA19-9 and CEA have often been used as diagnostic and prognostic markers for patients with BTC. However, the accuracies of these biomarkers as prognostic markers are often low because the values of these markers depend on various clinical factors, including the presence of other cancers and nonmalignant diseases, such as obstructive jaundice and inflammation^[@CR8]--[@CR12]^. In this study, our results demonstrated that the usefulness of CA19-9 and CEA as predictive markers of recurrence and prognosis in patients with BTC after radical surgery was unclear. A simple alternative predictive marker of recurrence and prognosis, which can be assessed using a noninvasive blood test, is necessary to improve outcomes in patients with BTC who have undergone radical surgery.

In recent years, many studies have examined the usefulness of serum miRNAs in several types of cancers^[@CR18]--[@CR36]^. Serum miRNAs can be evaluated more quickly and less invasively than miRNAs from tissue samples, thereby reducing the burden on patients. Moreover, serum miRNAs, which are secreted from cells and tissues, can specifically reflect the state of the tumour itself or the tumour microenvironment^[@CR44]--[@CR48]^. Several evidences showed that many extracellular miRNAs have been contained within the exosome which is small membrane vesicles of endocytosis origin secreted by most cell types, and they could play an important purpose in intercellular communications; thus, exosomal miRNAs, which have been wrapped in vesicles, may not be degraded by RNA-decomposing enzymes and could be relatively stable, permitting long-term storage and re-analysis of samples^[@CR49]--[@CR53]^. Indeed, it has been demonstrated that the majority of miRNAs in body fluids are present into exosomes^[@CR54]^. Also, Umezu *et al*. reported that some exosomal miRNAs could play an important role in leukemia cell-to-endothelial cell communication, which may be, in part, associated with angiogenic activity in endothelial cells^[@CR55]^. In addition, Sueta *et al*. showed that several exosomal miRNAs might be useful biomarkers to predict breast cancer recurrence^[@CR56]^. Whereas, Recent reports suggested that most of circulating miRNAs independently exist not only into exosomes, but also binding to the Ago2 protein, which is a part of the RNA-induced silencing complex^[@CR57],[@CR58]^. In addition, Arroyo *et al*. found that the Ago2-binding miRNAs were derived from cell types different from exosomal miRNAs^[@CR57]^. Other circulating miRNAs, including the Ago2-binding miRNAs, also could influence cell-cell communication. In this study, we evaluated the expression of whole serum miRNA, including exosomal and Ago2-binding miRNAs etc. The examination of the expression of whole serum miRNA is noninvasive and simple, and therefore they could be more excellent for being widely used as diagnostic and prognostic markers and as potential therapeutic targets, compared to other methods such as measuring exosome.

A number of new cancer-related miRNAs have recently been identified; however, most of these miRNAs have not been assessed with regard to their relationship to recurrence and prognosis in patients with BTC, particularly in those who have undergone radical surgery. In this study, we evaluated the expression profiles of many serum miRNAs in patients with BTC after radical surgery using highly sensitive microarrays, permitting the simultaneous analysis of more than 2500 miRNAs that were recently updated in miRBase (release 21). We compared expression values of serum miRNAs in the recurrence and nonrecurrence groups of patients with BTC after radical surgery. Our study followed the post-operative outcomes of patients who underwent radical surgery over a long time period; the median observation period was 1454 days. In addition, in the all enrolled patients, we could examine expression values of serum miRNAs at three time points (before surgery, after surgery, and recurrence/last observation) and clarified the changes in miRNA levels at the three time points; to the best of our knowledge, such a comprehensive study has not been performed previously.

From our analysis, we identified six miRNAs related to the recurrence and prognosis of BTC in patients who had undergone radical surgery, according to our newly developed algorithm based on changes in miRNA expression. Among the six identified miRNAs, *miR-1225-3p* and *miR-6875-5p*, which were single miRNAs identified as recurrence predictive markers, had the best accuracy of 81.8%. Furthermore, by combining multiple significant miRNAs, we obtained a more robust recurrence predictive ability, as previously demonstrated^[@CR59],[@CR60]^. As a result, by combining three of the six candidate miRNAs, we finally achieved the best discriminant performance in predicting the recurrence of BTC after radical surgery (sensitivity: 84.6%, specificity: 100.0%, accuracy: 90.9%). When more miRNAs were combined, the discrimination performance did not improve, potentially related to the occurrence of noise. This phenomenon is known as the "curse of dimensionally" in algorithm development^[@CR61]^.

Next, we created novel recurrence predictive indices from combination of the three miRNAs described above. Our results demonstrated the clinical value of these indices; the indices could be useful to predict the recurrence of BTC after radical surgery at the pre-operative time point in most enrolled patients. Both of the patients in whom recurrence could not be predicted had gallbladder cancer and lymph node metastasis and relapsed within a relatively short time. Thus, our novel recurrence predictive indices may be effective for predicting the recurrence of BTC after radical surgery over a long-term period, particularly from 6 months to 5 years after surgery. In addition, we demonstrated that patients with low index scores had significantly better RFS compared with those with higher index scores, and these indices were independent factors related to RFS. Therefore, our findings suggested that these novel recurrence predictive indices could be useful as predictive markers of recurrence and prognosis in patients with BTC after radical surgery. In the future, measurement of these candidate serum miRNAs before surgery and evaluation of the novel indices described herein may help to stratify patients with BTC according to the risk of recurrence and could lead to improvements in prognosis via new approaches to disease management and adjuvant chemotherapy. Moreover, our results also showed that lymph node metastasis was an independent factor related to RFS. Thus, further evaluations are necessary to determine whether the accuracy of predicting the recurrence of BTC after radical surgery could be further improved by simultaneously evaluating our novel indices and clinical information, including lymph node metastasis.

Although we found that a combination of serum miRNAs could be used as a predictive marker of recurrence and prognosis in patients with BTC after radical surgery, the biological roles of the identified serum miRNAs are still unclear. All six candidate miRNAs that we identified had ID names higher than 1,000, indicating that they were discovered relatively recently. Therefore, there are only a few reports describing the mechanisms through which these miRNAs are involved in various cancers or chronic diseases that cause cancers (see Supplementary Table [S4](#MOESM1){ref-type="media"})^[@CR62]--[@CR69]^. We could predict a total 884 target genes of six candidate miRNAs by TargetScan Human 7.2 software and Mirtarbase database. The interaction network of these miRNAs and target genes are shown in Supplementary Fig. [S10](#MOESM1){ref-type="media"}. We found that all 6 candidate miRNAs had conglomerate target genes, and several target genes overlapped among these miRNAs. In addition, the enrichment and function analysis of the target genes of these miRNAs, including Gene Ontology (GO) biological processes terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, were performed basing on database for annotation visualization and integrated discovery (DAVID) database (Supplementary Fig. [S11](#MOESM1){ref-type="media"}). In upregulated miRNAs, the most significant enriched GO term and KEGG pathway were protein binding and signaling pathways regulating pluripotency of stem cells, respectively. Also, in downregulated miRNAs, the most significant enriched GO term and KEGG pathway were protein binding and endocytosis, respectively. Recently, Wardell *et al*. reported identification of some driver genes and the predisposing gene mutations of BTC by large-scale genome sequence analysis in patients with BTC^[@CR70]^. We believe that additional studies using specimens collected in this study are necessary to more clearly elucidate the biological pathway of the identified miRNAs.

For the six candidate miRNAs identified in this study, we evaluated the expression levels of these miRNAs in tissue samples of bile duct cancer using miRNA expression profiles extracted from TCGA database. The results showed that in tissue samples from bile duct cancer, there were no major differences in the expression values of all six candidate miRNAs compared with those in healthy tissue^[@CR37]^. Therefore, the differences between our findings in this study and the results from tissue expression in TCGA database suggest that the underlying mechanisms of circulating miRNAs could be more complex than previously speculated, including the exosome secretion theory. In our study, because most of the resected tumour samples from the enrolled patients were not large lumps but developed horizontally along the bile duct, we were not able to obtain sufficient tissue samples to examine the expression levels of miRNAs. In future studies, it will be necessary to investigate the expression levels of these candidate miRNAs in tissue samples of BTC after radical surgery and to compare the results between recurrence and nonrecurrence groups.

In conclusion, our results clarified that the six candidate miRNAs as well as combinations of these miRNAs could be applied as predictive markers of recurrence and prognosis in patients with BTC after radical surgery. The usefulness of our novel indices as predictive markers of recurrence and prognosis should be further validated in a large-scale, multicentre study. In the future, we hope that our results will lead to the development of treatment strategies and improvement of life prognosis in patients with BTC after radical surgery.

Materials and Methods {#Sec14}
=====================

Patients and samples {#Sec15}
--------------------

Twenty-six patients with BTC underwent surgical resection at National Cancer Center Hospital East (NCCE) from June 2008 to April 2012. Patients did not have (1) distant metastasis or unresectable advanced BTC, (2) medicinal treatment for cancer before or after surgery, (3) a histologically special tissue type other than adenocarcinoma, or (4) histologically residual disease after surgery. Subsequently, we excluded the following cases: two patients who did not provide informed consent, one patient who was also found to have lung cancer, and one patient who dropped out during postoperative follow-up and therefore did not provide blood samples for this time point. Finally, 22 patients with BTC who had undergone radical surgery were enrolled in this study. All of the enrolled patients were diagnosed histologically with BTC by pathologists, as follows: 15 patients with bile duct cancer, five patients with gallbladder cancer, and two patients with ampulla vater cancer.

We obtained serum samples from 22 enrolled patients at three time points: before radical surgery, after radical surgery, and at the time point of recurrence. In cases without relapse, the time of the last observation period was considered the final time point. All peripheral blood samples were processed to serum within 1 day and stored at −80 °C.

The present study involving human subjects was approved by the NCCE Institutional Review Board (approval no. 2007-060). Written informed consent was obtained from each participant. All samples were collected after obtaining written comprehensive informed consent from the patients. All experiments were performed in accordance with relevant guideline and regulations.

Evaluation of miRNA expression by microarray analysis {#Sec16}
-----------------------------------------------------

Total RNA was extracted from 300-μL serum samples using a 3D-Gene RNA Extraction Reagent From a Liquid Sample Kit (Toray Industries, Inc., Tokyo, Japan). Comprehensive miRNA expression analysis was performed using a 3D-Gene miRNA Labeling Kit and a 3D-Gene Human miRNA Oligo Chip (Toray Industries, Inc.), which was designed to detect 2565 miRNAs sequences registered in miRBase release 21 (<http://www.mirbase.org/>).

Each miRNA was regarded as present if the corresponding microarray signal was more than the mean signal of the negative controls, of which the top and bottom 5% ranked by signal intensity were removed. Once the miRNA was considered present, the mean signal of the negative controls was subtracted from the corresponding miRNA signal. In addition, in order to normalise the signals across the different microarrays tested, quantile normalisation was performed. In this study, we used 47 preselected miRNAs as internal control miRNAs; these miRNAs had been stably detected in all serum samples of enrolled patients with BTC (Supplementary Table [S1](#MOESM1){ref-type="media"}). Each miRNA signal value was standardied to the ratio of the average signal value of these internal control miRNAs to the pre-set value. All microarray data in this study were consistent with the Minimum Information About a Microarray Experiment (MIAME) guidelines and are publicly available through the GEO database (GSE119892, <http://www.ncbi.nlm.nih.gov/projects/geo/>).

Statistical analysis {#Sec17}
--------------------

All analyses were performed using R version 3.5.1 (R Foundation for Statistical Computing, <http://www.R-project.org>). Two-sided Student's t tests were used to compare continuous variables, and Fisher's exact tests were used to compare categorical variables. Results with *P* values of less than 0.05 were considered significant. Fisher's linear discriminant analysis was performed to create recurrence predictive index. ROC analysis and AUC values were used to evaluate recurrence predictive ability. Recurrence and survival analyses were performed using the Kaplan-Meier method. Comparisons were performed using log-rank tests, and univariate and multivariate analyses were performed using a Cox proportional hazards model.
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